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SECTION I 


INTOODUCTION 


Th« changing rcqulramnCa of apac* propulsion syatama, particularly 
for larga apac* vohiclas and high specific impulse missions, hsve 
pointed up the need for efficient inert gas thrusters. The inherent 
compatibility of an inert gas propellant and its expanding plume with 
spacecraft surfaces is obvious. The avsilable supply and negligible 
environmental impact of inert gas propellsnts are also significant 
reasons for their use in large space systems. Aside from space pro- 
pulsion, applications of efficient inert gas ion sources to terrestrial 
uses such as etching, polishing, micromcchining, and sputter coating 
have been identified. 

The work described in this report was performed under Contract 
NAS3-20393, "Inert Gas Ion Source Development," administered by NASA 
Lewis Research Center. The report describes the modifications neces- 
sary to convert an existing magneto-electrostatic containment (M£SC) 
discharge chamber to argon-xenon operation and the methods used to 
optimize its performance. 

1.1 HISTORICAL ION SOURCE PERFORMANCE 


Electrostatic ion thrusters have been developed primarily for cesium 

and mercury propellants. Sources and distribution of neutral and 

charged particle fluxes, their interaction with spacecraft, and possi- 

1 2 

ble corrective measures have been studied by several investigators. ’ 
Recently there hae been considerable interest in inert gases, particu- 
larly xenon and argon, as propellants. Table 1-1 lists some pertinent 
parameters for the four leading propellants. Since thruster electrical 
performance is enhanced by high atomic weight and by low ionization 


poCanCial, xenon Chruatar performance will tend to be aomewhat lower 
Chan mercurv or cealum chruacer performance. Argon which haa an appre* 
clably lower atomic weight than xenon and a higher ionitacion potential, 
will have Che loweaC performance of Che group. 


TABLE l-L 

PROPELLANT CHARACTERISTICS 



Argon 

Xenon 

Cesium 

Mercurv 

Atomic Weight 

39.9 

131.3 

132.9 

200.6 

q/m, coul/kg (x 10^) 

24.2 

7.4 

7.3 

4.8 

Ionization Potential 

15.8 

12.1 

3.9 

10.4 

Ionization Potential V. 

27.6 

21.2 

25.1 

18.8 


A factor favoring the inert gaa propellants la their relatively low 
charge exchange cross section. Surprisingly, perhaps, inert gas 
propellant storage appears not to be a problem; Che ratio of propel- 
lant to tankage weight is as high as for cesium with one-third the 
propellant density. 

It has been shown by a number of workers that electron bombardment 
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thrusters perform satisfactorily using inert gases as propellants. ' ' 
Studies indicate that the best technical choice for space propulsion 
applications is xenon. ^ Argon is a possible alternate propellant 
when cost is also considered. For purposes of perspective, historic 
data on xenon sources are compared with data on mercury and cesium 
sources in figure l-I. As might be expected, the data for each pro- 
pellant improve with time, and typical eV/ion values are arranged in 
the same order as the ionization potentials. 
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Kl«cCron bombarilPMnt Ion chrust«i» ua« a Pannlnn tvpa dtacbarga to 
lonlta tlia thruatar propallant f > *4. Thla propellant dlacharga la 
Initiated and auatalned by an electron current from the cathode to 
the anode atructure that paaaaa through the propellant In the dla* 
charge chamber. Iona generated In thla dlacharge by electron col* 
llalona with propellant atoma are extracted from Ita downatream 
aurfaca by accelerating electric flelda which are applied to the 
electrode ayatam. 


The major aource of Inefflclencv In the Ionising dlacharge la the 
recomblnat Ion of Iona on the walla of the dlacharge chamber. Tlia 
Iona that dlffuae to the wall and recombine muat be relonlced In 
order to achieve high propellant maaa utlllcatlon eftlclcency. The 
conventional meana of minimising Ion wall Icaaea la to apply an axial 
magnetic field to contain the plasma. Ttie magnetic field forma a 
magnetic "bottle" that opens In tite d.^wnstream direction ot Ion flow. 
Thla approach has two Inherent problems. First, the magnitude ot the 
avlal magnetic field that can be applied la l.mlted to low levels by 
the low plasma density and low discharge voltage. Secondly, the 
plasma la concentrated In che center ot the dlacharge chamber by the 
JxB forces acting on the charged particles. Tt«ese two problems com* 
bine to limit the maaa efficiency and beam current density imA/cm*) 
a conventional thruster can achieve. 


MESC ION SOURCI 


The magnato*electroatatlc containment thruater represents a radical 
departure from conventional thruster design and permits a signili* 
cant Increase In efficiency bv providing a boundary at the dlacharge 
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chamber walla which raflacca a large fraction of both fona and alee* 
Crona approaching It. Iona are reflected by an alactroatatlc field 
at the boundary while electona are reflected by a magnetic field. 

Another favorable aapect of the configuration la the low magnitude 
of the realdual magnetic field within the dlacharge chamber plaama 
volume. Since the magnetic field or J x $ force la the major cauae 
of plaama denalty gradlenta at the acreen electrode, the MESC tech> 
nlque provldaa a vary uniform plaama denalty to allow efficient Ion 
extraction with uniform geometry electrodea 

The baalc configuration of the magneto>electroatatlc plaama contain* 
ment boundary la ahown In ft ,ure 1-2. The magnetic configuration li 
an array of magnetic pole atrlpa where adjacent polea are of oppoaltc 
polarity. All are backed with a common magnetically aoft material 
and are maintained at the aame potential aa the thruater cathode. 
Between each pclr of pole atrlpa la an anode atrip electrically lao- 
lated from the magneta. 

Ionic wall loaaaa are mlnlmlxed by an unique Interractlon between the 
MESC geometry and dlacharge plaama that reaulta In a reflective 
electroatatlc potential at the plaama boundary. An electric field 
applied perpendicularly to a magnetic field (I x producea j plaama 
drift velocity perpendicular to both. In the MESC dealgn, the plaama 
near adjacent anodea drlfta In oppoalte dlrectlona aa the magnetic 
flelda alternate In aenae. Given the operational condltlona, the dla- 
charge plaama vlacoalty la aufflcient to retard the Induced drift and 
to minimize the resultant counter EMF aaaociated with it. Thia effect 
producea a plaama potential a few volta negative of the anodea that 
reflects the ions back Into the discharge plav's. 
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PlaatM vlaeotlcy, 9 , !• nalnly du« Co moffl«ncua erantporc by Iona. Tha 
formula for vlacoaiCy la: 

J/2 ^1/2 

, . 2.21 « 10 •“ t ' * 

In o 2 

(8 

whara In o la a alowly varying function of Maxwalllan alaccron Cam* 
paracura and plaana danalcy rafarancad by Moora,^ and and cha 
Ionic camparacura and maaa, raspacclvaly . 

Dlacharga plasma alaccron loasas ara concrollad by cha magnaclc and 
alaccrlcal flald configuration within cha dlacharga chambar. Slnca 
cha magnacs are at cachoda poCenclal, they ara nagaclve wlch respect 
to Cha dlscherga plasma and thus racard alaccron losses Co Che poles. 
Direct all tr : diffusion Co Cha anodes Is pravanCad by the transverse 

magnacl- field between poles which causes Che electron to undergo 
rulclpla collisions Co reach Che magnaclc field lines joining Che pole 
faces and the edges of cha boundary anodes. Hence, the relative 
poslclon of the magnet poles and anodes controls the electron current 
Co Che anodes. This poslclon Is an Important parameter In thruster 
optimization. 


The original ME5C developroanC was performed under NASA Contract 
NAS7*S87 In 1968, using cesium as Che propellant.^ The original hard* 
ware was modified for operation with mercurv under Intelsat Contract 

g 

CSC*SS*189. A smaller version was developed using cesium for flight 
9 

on ATS “6 under NASA Contract NAS5-21192, and a 12 cenClmaCer version 
was developed In flight prototype form under Intelsat Contract 


lS-452. 
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As lndlcac*d In flgurs 1-1 • sous of Chs bsst Ion sourcs porfornsncs 
rsportsd, ss cl.sracCsrlssd by high propsllsnt uCllizstJon snd low 
snsrgy consuapclon psr Ion sxcractsd, havs bson achlcvad wich this 
ssrlas of ME SC chrustars. 

1.4 ORGANIZATION OF THE REPORT 


For claricyi chls rsport has bssn divided Into aavsral ssctlons. 
SscClon 2 discussss tsst apparatus, and Ssctlon 3 prsssnts tsst 
rssults. Ssctlon 4 providso a summary. 


SECTION 2 


TEST APPARATUS 

2.1 12 cm HEXAGONAL MESC ION SOURCE 

2.1.1 MESC HEXAGONAL DISCHARGE CHAMBER DESIGN 

Hi* 12 cm hcxagoii«l discharge chamber waa the first designed to utilize 
the magnetoe lectrostatlc containment concept. Reduced to practice, 

MESC geometry la an array of alternating strip anodes and permanent 
magnets posltlorad orthogonally to the discharge chamber center line. 
The MESC pattern la repeated along the side of the chamber In hexa« 
gonally shaped rings of anodes and magnets. To maintain the same 
pattern on the rear wall, the alternating hex rings grow smaller In 
size approaching the chamber center line. The rear wall central 
region consists of a hollow cathode on axis situated Inside the 
cathode pole magnet. The cathode pole magnet Is a right circular 
cylinder 2.25 cm In diameter. A schematic of the discharge chamber Is 
shown In figure 2>l. 

The ARMCO Iron discharge chamber walls complete the magnetic circuit 
between adjacent permanent magnet rings. Each hexagonal shaped magnet 
ring Is composed of six bar magnets that are magnetized perpendicular 
to the discharge chamber wall. The AlNlCo magnets of each ring have 
the same polarity with fields of approximately 3500 gauss at the Indi- 
vidual magnets In the direction of magnetization. The magnetic field 
sense alternates from ring to ring. As the fields of adjacent rings 
are equal and opposite, they tend to cancel over the major portion of 
the discharge chamber volume, thus limiting the significant field to 
the zone near the chamber walls. This field varies as an Inverse 
function of radial displacement from the magnets. (See figure 1-2.) 
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Figure 2-1. MESC Thruster Schematic 
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Th« position! of Ch« anodss In this flsld src usad to contain tha dla> 
eharga plaama Ions and control tha alectron currant to the boundar> 
snodas . 

The magnetic fiald tansinatas aith an iron mirror piece on the down- 
stream end of tha discharge ch.xmber. Tha mirror piece is attached to 
the chamber walls and functions as a virtual magnet next to the screen 
electrode . 

Boundary andoes are Interspersed between the hexagonal AlNlCo magnet 
rings to establish the MESC 1 x ^ field configuration at the edge of 
the discharge plasma region. The hexagonal shaped anode structures 
are made from 0.25 nni thick, non-magnetlc stainless steel with a "U" 
cross section. Sides of the anode channel extended Into the discharge 
region and are dimensioned to equalized anode electron current densi- 
ties based on test data. In anode placement, the item of importance is 
that portion of the anode that Intercepts the critical magnetic field 
line. In this regard the top of the "U" and the edge of a flat anode 
are Identical, (see figure 1-2). The anode "U" channel design 
facilitates radial position adjustments by changes In height of the 
"U" without removing the entire anode. It has been demonstrated with 
other propellants that the U-shaped design has the same operational 
characteristics as a flat anode strip at the same radial position In 
the magnetic field. 

Details of the magneto-electrostatic boundary taeory aave been previously 
reported.^ The theory found the boundary anode position In the mag- 
netic field Is a function of the general discharge plasma density, 
plasma temperature, and the plasma resistivity. Resistivity Is a slowly 
varying function of plasma density and electron temperature. Boundary 
anode electron diffusion current is governed by the following relationship 
In a simplified two dimensional case. 
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B ■ MagnaClc flald parallal Co cha dlacharga chambar walla, 
d • Cantar*Co>cancar dlatanca of cha magnaca 
a " ElacCron charga 

Kaaaonabla maaa uclllzaclon afflciancy la uaually found ac dlacharga 
poCenCtala approxlmaca ly Chraa Cimaa cha propal lanC ' a firaC ionizaCion 
poCancial. Aa Cha plaama Camparar.ura ta daCarmtnad by cha propallanc 
balng taatad, Cha magnacic flald muac ba adJuaCad Co companaaCa for 
Cha changaa In anoda curranc. Utla la accompl 1 ahad by radial mova- 
nianC of cha Individual anoda . 

In prlnclpla IC la poaalbla Co calculaca opClmum boundary anoda radial 
poalclon glvan Cha Caac gaa plaama oparaclonal characCarlaclca . Anoda 
poalclona calculaced by chta machod wara found Co approxlmaca cha 
placamanC naoaaaary for opclmum dlacharga chambar parformanca. Da- 
vlaclon baCwaan Cha calculaCad and acCual locaclona probably raaulcad 
from uaing cha almpllfiad two dlmt'i'alonal caaa in darlvlng cha dlffu* 
aion curranc relationahlp. Actual anoda poaicionlng waa an iceraclva 
procaaa uaing caat data Co aquallza anoda-co-anoda alacCron currant 
danaiclaa with maximum maaa uClllzaclon afflciancy and minimum dla* 
charga powar conaumptlon (aV/lon>. 

Faac gaa waa auppllad to cha dlacharga through cha cathode and main 
feed ring planum. Flow to the cathode waa uaed primarily to control 


Che discharge electron current. Feed ring flow detenained the ion 
beam current. The feed ring had alxty«one 0.32 mm diameter holes 
drilled In Its downstream surface to distribute the main gas flow 
uniformly Into the discharge chamber. The plenum also functioned 
as a boundary anode between the cylindrical cathode pole magnet and 
the next larger hexagonal magnet. 

The cathode, cathode baffle structure, magnets, chamber walls and screen 
grid were tied together electrically to operate at positive high voltage, 
V^. The feed ring operated at anode potential. 

2.1.2 HOLLOW CATHODE SUBASSb^lBLY 


rhe Inert gas hollow cathode subassembly used In testing was composed 
of three component parts designed to fit the Inside diameter of Che 
cathode pole magnet. A 3.2 mm diameter cathode on axis was encircled 
by a l.l cm diameter stainless steel keeper electrode support Cube 
Chat was enclosed in a 1.6 cm diameter stainless steel baffle disk 
support tube. Tubes were used to support Che keeper electrode and 
baffle disk as well as provide heat shielding between Che cathode 
and cathode pole magnet. Boron nitride sleeves were used for 
electrical isolation between Che keeper support Cube and other 
hardware. The cathode subassembly is shown in figure 2-2. 

2 . I . 2 . 1 Inert Cas Hollow Cathode 


rhe inert gas hollow cathode was s milar Co the most recent mercurv 

11 

cathode designs described in the literatvire. The orifice plate was a 
2 percent thoriated tungsten disk that was countersunk half its thick- 
ness and electron beam welded to a tantalum cube. Flu* cathode diameter 
was restricted to 3.2 mm because of dimensional limitation in the dis- 
charge chamber. Tests were conducted with cathode orifice diameters 

12 

ranging from 0.3b to 0.64 mm as suggested by J. D. Sovey. 
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boron nitride 



sheath heater 







Th« c«chod« was haattd to taaparaCura with a coil of swaged refractory 
heater wire slipped over the cathode. The heater sheath was 1.0 on 
diaaeter with a 0.2!' aa diaaater tungsten rheniua conductor. This design 
concentrates the cathode energy into the eaitter. Electrical continuity 
vas established by criaping the sheath to the conductor at the down- 
streaa end of the eleaent. 

K bariua aluainate iapregnated porous tungsten eaitter was used in testing. 
Its diaensions were 2.J4 ca long by 0.24 ca outside diaaeter and 0.114 ca 
inside diameter as suggestsd by W. Kerslake.^^ Tests were conducted with 
the eaitters located against the upstream surface of the orifice plate. 

The cathode orifice plate was located 1.0 to 1.5 mn upstream of the dis- 
charge chamber axial magnetic field maxima. In the original MESC 
development effort report by Moore, ^ it was found that electron injection 
at 1.3 mn upstream of the maxima minimized discharge plasma Impedance 
and/or the cathode flow needed to achieve it. Moving the cathode further 
upstream increased the impedance and produced discharge oscillations. 
Downstream movement increased the discharge energy or eV/lon. These 
results were reconfirmed In inert gas ion source optlml-itlon tests. 

2. 1.2. 2 Cathode Subassembly 

The keeper electrode was 3.2 ora diameter ring of 1.0 mm tantalum wire 
suspended 1.5 mn from the face of the cathode. The ring was held in 
position with four tantalum wires spotwelded to a stainless steel keeper 
tube. The keeper was positioned by ti be movement. Boron nitride sleeves 
electrically isolated keeper potential hardware from thr cathode heat 
shielding and the baffle tube. 

A control rod through the vacuum bulkhead positioned the 1.6 mn diameter 
baffle support tube on the ion source centerline, "tlie baffle disk was 
cantilevered on the end of the housing tube with spotwelded stainless 
wires. 
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2.1.3 


PRELIMINARY CATHODE TEST 


Preliminary cathode teats were conducted to Investigate certain 
aspects of cathode design. The tests evaluated operational effect 
of changes In the heat shielding, keeper electrlcul Isolation con* 
figuration, and cathode orifice size. 

Tests were conducted In a 30 by 90 cm stainless steel vacuum system 
pumped by a 2S cm diameter oil diffusion pump equlpcd with s freon* 
chilled cyro elbow. The relative limited pumping speed for a noncon- 
denslble gas restricted the tests to gas flows less than 700 mA equl* 
valent. Calibrated power conditioner meters and a rotometer measured 
the electrical characteristics and cathode gas flow rate. 

A 29 mm diameter cylindrical anode with a stainless steel screen over 
the downstream end was used In testing. The screen had a geometric 
transparency of 30 percent. The screen open area plus the area between 
the baffle housing and anode was equal to about 1/3 the open area of 
the accel grid used In the Ion source tests. The test apparatus is 
shown In figure 2*3. 

2. 1.3.1 Component Tests 

Different heat shielding configurations were tested to determine 
which provided the minimum operational temperature and maximum 
thermal Isolation between the cathode and ion source pole magnet. 

The best results were seen with three layers of 1 ran thick fiber- 
frax paper, 2.0 cm long, set back 0.6 cm from the cathode orifice 
plate. Further reductions in the shielding dimensions increased 
the cathode pole magnet temperature above 210^C reducing the mag* 
netic field. 
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Th« k««p«r «l«ctrod« w«« u««d Co lnltl«C« «nd oMlnCain Cli« dlach«rK*> 

12 

J. 0. Sov«y Cound ln«rt g«« diacharK* Initiation could ba anhancad 
by applyinn a 3.0 kilovolt pulaa to tha kaapar during atarCup. Tha 
cathoda aubaaaambly ua d in MESC inart gaa Caata waa oriitlnally da> 
aignad for marcury oparation wliara a 300 volt dc potantlal waa appliad 
to initiata tha dlacharga. Uaa of tba pulaa atarting tachniqua raquirad 
laq>rovaoMnc of tha alactrical iaolacion batwaan tha kaapar and cathoda. 

Taat raaulta found boron nitrida alaavaa batwaan tha kaapar and tha baffla 

houaing Cuba and cathoda could atand off tha pulaa potantlal. Tha alaavaa 

initially wara plaguad with alactrical braakdown acroaa tha downatraam adga 
aftar aavaral houra of oparation. Haducing tha langch of tha alaavaa poai« 
tionad tha face 1.3 cm upatraam of tha orifica plata alimlnating tha problem. 

Diffarant cathoda orifica diamatara wara Caatad to datarmina tha corralation 
batwaan orifica aiza and orifica plata temparatura during apoC iik>da opara* 

Cion. A 1.3 mm thick by 3.2 itan diamatar Chortatad tungatan orifica plata 

waa uaad. For theaa taata, tha oriflcaa wara countaraunk 0.73 mm on tha 
downatraam aurfaca and ranged from 0.33 Co 0.38 mnt in diamatar. Orifica 
plata tamparature waa maaaurad with a 3 powar optical pyromatar through a 
vlaw port located oO cm downatraam of tha cathoda. 

Taat data ahowad cathoda operational tamparaturea ware a function of amla- 
alon currant and/or orifica diamatara. Tamparaturea wara found to ba 
directly proportional Co eralaalon curranta for cathodaa with the aama ori- 
fice diametara. Converaely, tha fourth powar of tamparature waa found to 
ba Inveraely proportional to orifice area for cathodaa with differing ori- 
fice diamatara when operated at almllar amlaalon curranta. Mora conclaaly, 

T ^ A I where I • cathoda electron amlaalon currant 

a a 

Using the Stafan-Boltzman re lat lonahl p : 

at fixed 1 

a 
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Wh»r» ^ *2 ** **^**^v^Ky **** * function of t*«r«r4turot Th# 
tovporacur* ratios at diffarant alactron aaiiasion currants shinm in 
tabla 2>l wars taka fro« tasts conductad with 0.33 and 0.43 wai 
diaswtar orificaa *^h tha aaaa haat shialding and kaapar alactroda 
configuration. 

TABLr 2-1 

CADk'nr ELEcntoN MISSION a'KREhr vrusrs radiative ™krcy loss 


Electron 
Eiai ssion 
Current 
iAa^>s> 

11 

•-I 

* 

•l 

A 

*2 ’ V 

*l ’ 'l‘ 

0.70 

0.58 

0.4 

0.67 

0.61 

I.IO 


0.88 

0.72 

0.6} 

1.50 


0.84 

0.8? 

0.71 

2.20 


0.82 

0.74 

0.61 


Whara : 

d^ • 0.33 mm 
■ 0.43 mm 

• ramp 0.33 mm orifica 
T, • Tamp 0.43 ram orifice 
Cj • I]miasivity of 0.33 mm orifice 

*, • Kmissivity of 0.43 mm orifice 

* 

Columns number 2 and 5 shin^ fairly good experimental agreement. 
Cathode temperature versus electron emission current characteristics 
were found to change with time and mission current operational level. 
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Inlclal "darkening" waa quite rapid with the rat* of change In apparent 
•ailaalvlty dlalnlahlng with tla*. Changaa In enlaalvlty war* approxl* 
mealy axponantlal and could b* rapraaantad by th* claaa of functional 

*•< '♦’^*•*♦*'( 1 -* 

o 

Uhara: 

« • anlaalvlty 

■ original amlaalvlty 

«' ■ amlaalvlty change charactarlatle of material 
k ■ a conatant determined from emlaalon current operational level 
t ■ time, (duration of operation) 

Table 2*2 ahowa cathode operational teat rcaulta. 

Th* cathode temperature-veraua electron emiaaion current linear relation- 
ahip waa later applied to operation of a cathode in the ion aource. 

Uaing a curve produced from the 0.43 on diameter cathode data ahown in 
table 2-2, the temperature of a 0.38 nan diameter cathode operating at 
2.7 amperea of emiaaion* waa calculated to be 13b9^C» Mea.iurement of 
the cathode temperature with a plat imun-plat imum rhodium thermocouple 
found it to be 1290*^0 or about 6 percent in error. Thia repreaenta 
fairly good agreement, aa the calculated temperature waa baaed on 
extrapolating the 0.43 mm cathc e orifice data at 2.2 to 2.7 ampa opera- 
tion and no correction waa made for the time-hiatory emiaaivity changea. 
Compariaon of calculated and teat cathode temper^turea are preaented 
in table 2-3. 


*Ion aource cathode electron emiaaion current waa defined aa: 
Emiaaion current ■ J - J, * J, 

C> L A 

where la the dlachargc current. the poaltlvc high voltagt jup- 
ply current and J the negative high wltage aupply current. 

A 
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TABLE 2-2 

CATHODE OPERATIONAL TEBTB RESULTS 


24 May 77 

T«*t* conduccad with 0,33 on dlamatar orlflca. Lapaad tin* IncrcMas 


BVi 

•'e 

V 

CK 

.1 

CK 


Maaa 

Equlv Flow 

Chamber 

Preaaure 

tvolt ' 

jampa> 

(volt > 

lampa > 

i_£l 

tarapa > 

(torr> 

31.3 

.70 

21.4 

.400 

1172 

.634 

l.l X lO’^ 

30.0 

2.20 

15.3 

.400 

1350 

M 

If 

2'). 3 

1.50 

lo.O 

.410 

1250 

•• 

II 

29.7 

I.IO 

18.0 

.400 

1190 

M 

If 

31.3 

I.IO 

19.0 

.400 

1188 

.329 

5.5 X 10‘* 

30.3 

1.50 

16.5 

.400 

1230 

II 


51.2 

1.50 

18.7 

.400 

1227 

.220 

3.5 X lO"’ 

51.2 

I.IO 

21 .8 

.400 

1179 

• 1 

II 

25 May 77 
Teat* conducted 
going down the 

with a 
column. 

0.43 ran 

diameter orifice. 

Lapaed time increaaea 

30.8 

1.10 

18.4 

.400 

1147 

.507 

8.0 X lO"* 

30.5 

1.10 

18.0 

.400 

1130 

.507 

8.4 X lO’* 

30.1 

1.10 

17.8 

.400 

1135 

«l 

II 

29.3 

1.53 

15.6 

.402 

1200 

II 

II 

28.7 

1.52 

15.0 

.402 

1181 

.645 

1.2 X 10’*^ 

27.4 

2 f'* 

12.7 

.400 

1250 

M 

II 

29.1 

I.IO 

17.0 

.400 

1130 

II 

1) 

33.0 

1.10 

18.7 

.400 

1135 

.318 

5.6 X lo”* 

32.1 

1.50 

16.7 

..*00 

.200 

II 

II 

39.5 

1.45 

18.4 

.400 

1203 

.220 

3.5 X 10‘^ 


30 


TABLE 2*3 


CATHODE TEMPERATURE CALCULATION FOR 0.58 an ORIFICE 


Cathode Electron 
Eai salon Current 
(Aap) 

Calculated 

Cathode 

Temperature 

(°C) 

Catode 

Temperature 

X Error 

(X) 

2.75 

1219 

1130 

8 

2.90 

1233 

1150 

7 

3.15 

1256 

1180 

6 

3.75 

1339 

1280 

5 


2. I. 3. 2 Cathode Tt» t Conclusions 

The above dlscuaslon correlated changes In cachode-co«cathode opera* 
Clonal temperatures to orifice area differences by empirical use of 
the Stefan-BolCzmann radiative energy formula. Agreement between 
calculated and measured temperature of cathodes operating at Che same 
emission current with different orifice sizes Implied radiative energy 
losses from the emitter cavity governed operational temperatures, or 
Che cathode functioned as a classic blackbody. Further, Che opera- 
tional temperature of any particular cathode orifice size was found to 
be a function of cathode electron emission current and Independent of 
keeper and main discharge power. This Indicated cathode temperature 
was controlled by Che electron emission mechanisms; thus emitter design 
could possibly be utilized to reduce cathode operational temperatures. 

It must be pointed out Che cathode temperature-orifice area relation- 
ship was based upon the results of a few tests and should not be viewed 
as conclusive. Further testing In this area was beyond the scope of 
this program. 
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2.1.4 ELECTRODE DESIGN 

13 

Recant pepera from LaRC, HRL, and Cha UnlvaralCy of Colorado have 
reported thruatar performance Improvamenta due to the uae of a Small 
Hole Accelerator Grid (SHAG) dealgn. Two different methoda have been 
uaad to fabricate SHAG optica. Either allow the Individual Ion beam- 
lata to bore (Ion machine) the accel grid hole pattern In a blank 
piece of molybdenum or predrill the grid to approximately 20 percent 
tranaparency . The aecond method waa uaed aa It required leaa non- 
optimal Ion aource teatlng time. 

Ttie acreen electrode dealgn had 22bd holea 2.2Jb nun diameter located 
on 2.54 mm centera. Thla pattern produced a 70 percent tranaparent 
electrode. Ttie accel had 1.17 mm diameter holea In the aame pattern 
producing a grid with 20 percent tranaparency. Tlie accel-to-acreen 
hole poaltlor.a were not compenaated to minimize beam apread. Bvith 
grlda were made from 0.J8 mm thick molybdenum that were hydroformed 
with a 5.0 mm dlah. Tlie electrodes were mounted on the discharge 
chamber with the dlah curving downstream. Accel-to-screen electrode 
gap was set at l.O mm (cold). 

2.2 POWER CONDITIONER 

The power conditioner (PC) uaed In testing the aource waa originally 
designed for cealum Ion thruster operation. It was built as a semi- 
flight type breadboard with the high voltage and arc supplies con- 
trolled through dc Input to a 20 kHz inverter. Heater power was 
provided by autotransformers and Isolation transformers. Figure 2-4 
shows a schematic layout of the power conditioner. Converting the PC 
to Inert gas operation necessitated some rewi»rk because of the In- 
creased power requirements. This Included Increases In the ton beam 
current capability and arc nower and tlie addition of a keeper supply. 
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2.2.1 ARC AND KEEPER SUPPLIES 


A dcilgn tcudy conducted early In Che prograin found It wee n»ra coat 
effective to use electrically laolated dc laboratory aupplles to 
control the arc and keeper than modify the power conditioner. Sev* 
eral aultable dc aupplles and Isolation transformer were available 
from the XEOS equipment pool. Modifications for Inert gas arc and 
keeper supplies were a matter of physically removing the existing 
components and Installing the laboratory supplies. Provisions were 
made to Insure the laboratory supplies would be compatible with source 
operation. These Included an "arc-dip" circuit and keeper transfer 
circuit. 

The arc-dip circuit decreases the arc voltage In the event of a high 
voltage supply overload. This action reduces the discharge plasma 
extrusion In the Interelectrode gap and aids In reestablishing source 
operation. Once the overload disappears, the arc voltage Is brought 
up nominal operating level over a period of 0.5 to 1.0 second. 

Keeper control circuitry supplies a high voltage pulse to the electrode 
when no keeper discharge Is present. The 2 to J kilovolt pulse circuit 
was supplied GFE front LeRC. It was wired In series with the dc labora- 
tory supply as long as the keeper discharge was less than 2.0 mllllamps. 
Once the discharge Initiated, the pulser was electronically removed from 
the circuit and the dc supply used to sustain operation. 

2.2.2 HIGH VOLTAGE P0U":R SUPPLIES 


Electrode perveance Is a function of the Inverse square root of the 
Ionic atomic mass. The small atomic mass of argon made It necessary 
to Increase the positive high voltage supply current/power capability. 
This was accomplished by adding SO percent more inverter drive. 
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Th« original cranaforraar waa ovardaalgnad by a facCor of 173 Co 200 
parcant. Thla allowad cha drlva co ba Incraaaad wlctiouc cha dangar 
of Cora aacuraclon. Tha additional drlva allowad cha poalclva hlgn 
voLcaga ovarcurranc Crip point Co ba ralaad from 0.600 Co 0.900 
ampara. During aourca CaaClng, Chla waa found Co be InaufflclanC 
Co attain maximum ateady acaca beam poaalble at a 1000 volt extraction 
pocenclal. Program time and raaource limitation prevented further 
high voltage aupply modification. 

2.3 TEST INSTRUMENTATION AND MEASUREMENTS 

To evaluate dlacharge chamber performance It la neceaaary to know the 
dlacharge power. Ion beam current. Ion beam dlaCrlbutlon and maaa ucl* 
llzaclon efficiency. The latter la determined from propellant flow 
rate. Ion beam current, atate of Ionization and Che backatreamlng 
neucrala flow from Che vacuum chamber through the grlda. The back- 
streaming neutral flow waa calculated. The other parameters were 
measured . 

2.3.1 TIME- OF- FLIGHT COLLECTOR 

Tlme-of-f light (TOF) data were collected to find the percentage of 

single and double charged Ions present in Che beam as a function of 

applied anode potential. Ions extracted from the discharge plasma 

1/2 

acquire an exhaust velocity proportional to e , where e Is Che 
Ionic charge. Switching off Che extraction voltage Interrupts Che 
Ion current from the nominally operating discharge plasma. After 
Interruption, a beam collector time-current profile shows two current 
levels as a function of time reflecting Che different Ionic velocities. 
Tlie current level differences are used as a measurement to determine 
relative percentage of single and double charged Ions. 

The 6C cm diameter stainless steel tlme-of- flight collector was 3.0 
meters from the face of the accel grid. RFI shielding was provided by 
a ground potential collector housing with two electrically Isolated 
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CungsCan wire grids. Th« grids w«rs positioned between the besm 
plasms and collector. The upstream and downstream grids operated at 
ground and negative 40 volts respectively, to minimize collector 
signal noise and suppress secondary electrons. The collector oper* 
ated at ground through a 100 ohm resistor. 

The double charged ion current in the exhaust beam was measured by 
instantaneously grounding the positive high voltage supply output and 
measuring the collector current as a function of time. Collector 
current'versus-time characteristics were measured by monitoring the 
potential across a resistor in the collector lead with an oscillo* 
scope. The scope was triggered by a transient from the high voltage 
grounding apparatus as shown in figure 2-3 and recorded with a camera. 
Several traces were photographed at each discharge potential. 

The scope was used in a single sweep mode with a selected sweep rate 
of 30 microseconds/cm. A one-to-one proL< was used with a y-axis 
scale of 0.2 volts/cm. Times necessary to travel the 3.0 meters were 
computed using the kinetic energy relationship. 


/ 2 e V 
V M 

Where V was the applied extraction potential and M tne atomic mass. 

Calculations found a 1000 volt argon beam took 43 and 30 microseconds, 
respectively, for the single and double charged ions to traverse 
coliector-to-source distance. Single and double charged xenon ions 
arrived at the collector 8b. 3 and 30 microseconds, respectively, after 
beam interruption. At 30 microseconds/cm sweep, the single and double 
charged argon ions currents were separated by 2.b mm and single and 
double charged xenon currents by 4.7 mm. 
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Faster iweep rates tfere precluded by the one-to-*two cycle overcurrent 
response of the 20 kHs inverted high voltage supply and the stored 
charged in the systeis. Stored charge was due to system filtering that 
added several RC tisM constants, and produced a 142 microsecond current 
"roll off" in the current-versus-'time collector profile. Vfhen the tisM 
constants added together, the collector current took as long as 320 micro- 
seconds to go to aero after the reswval of high voltage. The 30 micro- 
seconds/cm sweep rate allowed the entire beam decay to be displayed while 
still providing adequate resolution to identify the singly charged ion 
current plateau. 

2.3.2 FARADAY BKAM PROBE 

Three Faraday cup type probes were used to measure the Ion beam dls* 
tributlon by traversing through the beam plasma at right angles to 
the thruster centerline. Two probes crossed the beam axis 22 cm down- 
stream of the accel while a third crossed at 30 cm as shown in fig- 
ure 2-6. One of the two at 22 cm was a slit probe. The other two 
were cylindrical probes with a 1.27 cm orifice. Silt probe data were 
used to measure bearospread and to confirm the cylindrical probe was 
collecting the entire beam width. During operation the probe collectors 
were biased negative with respect to ground to minimize electron 
collection. No electron surpresslon grids were used on the probes. 

The slit probe was a tube-in-a-tube assembly with the 1.27 cm diameter 
Internal tube used as the probe collector. Electrical Isolation be- 
tween the tubes was accomplished by short teflon sleeves on the ends 
of the Internal tube. The collector tube had a 25.5 x 0.b4 cm opening 
that was aligned with the opening In the outer tube. (The tubes had 
wall thicknesses of U.38 mm.) 


PROBE DRIVE MOTION 
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Data from tha thraa probaa wara racordad on an x*y ploctar with tha 
x*axla Indicating proba drlva poaltlon and tha yaxla racordlng tha 
baam currant collactor by laaaaurlng tha potantlal acroaa a 300 ohn 
raalator. 

The 25.5 cm wide allt allowed accurate location of the beam envelope 
edge with up to 30 degree horizontal mlaallgnment between It and tha 
proba canter Una. The dlmenalona above produced a allt probe vertical 
acceptance angle of: 

Or • tan 2 2 ■ 28 degrees 

2 (0.38) + .32 + 1.64 cos can"‘o.64 

The cylindrical probes were 2.5 cm In diameter with 1.27 cm orifices 
and 1.9 cm stainless steel disk collectors. The 0.05 cm thick orifices 
were located 2.16 cm from the collectors producing an acceptance angle 
of: 

.1 LlI 1.27 

a • tar. 2 • * 2 ■ 3b degrees 

2.16 + 0.05 

2.3.3 LANGMTIR DISCHARGE PROBE 

A 2.0 nsr. by 0.46 mm diameter sheathed heater type Langmuir probe was 
used to measure discharge chamber plasma characteristics. The probe 
was attached to a vacuum bulkhead control rod for positioning. Rod 
motion located the probe 1.22 to 5.54 cm from the discharge chamber 
center line In the plane of boundary anodes 2 through 5. A schematic 
numbering the boundary anodes Is shown in figure 2-7. 




Photographs of the discharge chamber and probe are shown in figures 
2>8 and 2>9, The fornwr shows the probe in the plane of boundary 
anode number S located 1.22 cm from the discharge chamber center line. 
The second photograph shows the probe in the plane of boundary anode 
number 2 positioned S.S4 cm from the discharge chamber center line. 

Hie 5.54 cm position was directly upstream of the outermost hole in 
the extraction grids. 

An anode potential dc power supply was used to collect I.angmuir probe 
data. An Isolation transformer in the ac line prevented electrical 
breakdown between the output and chassis as the entire supply was 
biased to positive high voltage plus Che arc potentials. Lucite con* 
trol rods were used to change Che supply potential and protect the 
operator from high voltae.e. Probe data were collected by manually 
changing the supply output potential and recording voltage and cur* 
rent at selected positiona in the discharge plasma. Plasma measure* 

. >'its were made at potentials positive and negative of the anode 
leierence. 

2.3.4 FEED SYSTEM 

The feed system design was a simple array of valves, flow meters and 
gas bottles (figure 2-10). Gross gas flow measurements were taken from 
rotometers in the cathode and main feed lines. More accurate measure* 
ments were made by running the input gas through a precision mass flow 
transducer. Hie rotometers were capable of measuring gas flow to an 
accuracy of 40.21 ml/mlnutc under ideal conditions. R> comparison, 
the XEOS supplied Hast ings*Raydi st mass flow transducer had an accur- 
acy of ^.l ml/mlnute with up to 20 percent variation in temperature 
and/or pressure. The transducer resolution was equivalent to being 
able to measure the gas flow to within ^10 mA. Two-stage needle 
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valves controlled gas flow to the main .eed ring and cathode. The 
pressure drop across the rotoneter and transducer are negligible at 
the gas flows tasted. 


The feed system operated at \racuum system ground potential. Source 
feed system electrical Isolation was achieved by including two maters 
of 0.625 cm diameter teflon tubing between the vacuum flange and the 
downstream shut-off valve. The valve was electrically tied to the 
vacuum system ground to insure test personnel safety. System over- 
pressure was prevented by placing a 15 psi pressure relief valve 
between the output of the regulators and the feed system plumbing. 

A pumpout line shunted the needle valves to allow thorough avaeuwtion 
of the plumbing prior to changing gases. 



Tests were conducted in a 1.5 tn diameter by 4 m long horizontal vacuum 
chamber. Pumping was provided by six 25 cm dit'tusion pumps. At the 
stjrt of the program, an argon pumping speed test was conducted with no 
discharge c-iamber (see tabic 2-4). The minimum chamber pressure with 
no propellant gas flow was l.C x 10 ^ torr. Flow rates up to 62b milli- 
amperes equivalent could be accommodated by the pumps at chamber pres- 
sures less than 2.0 x 10 ^ torr. The measured pumping speed per pump is 
1000 liters/ second which is 1/4 of the 4000 liters/second manufacturer's 
specification. Most of the pumping speed loss is due to cyro elbow im- 
pedances which are In series with each pump. No pumping speed differ- 
ences were seen between the cyro elbows chilled with freon and those 
chilled with LN.,. 

Sb 
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FACILITY PliMPDOWN TEST RESUl.TS 


Vacuum Chambar Anode Flow 
Preaaure (Torr ) (mA/Equl v . ) 


5.3 

X 

lo"^ 

748 

3.S 

X 

o 

1 

973.6 

2.6 

X 

o 

1 

627 

2.0 

X 

10-5 

415 

l.O 

X 

ic“* 

331 

8.2 

X 

10-^’ 

267 

6.3 

X 

10*^ 

141 

8.2 

X 

lO-” 


6.2 

X 

1 

O 


4.0 

X 

lo-** 


8.2 

X 

« - 

1 

O 

321 

6.2 

X 

10“* 

243 

4.0 

X 

1 

O 

124 


Cathode Flow 
(mA/ Paul V . ) 

Total Flow 
mA/Fq j 1 p . ^ 

935 

1684 

290 

1263 

295 

922 

211 

626 

46 

377 

47 

314 

71 

212 

297 

297 


234 

125 

125 


321 


243 


124 
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SECTION 3 


RESULTS AND DISCUSSION 

3.1 PRELIMINARY TEST RESULTS 

3.1.1 POWER CONDITIONER CALIBRATION TESTS 

Power conditioner celibration teiCa were conducted to ensure teet data 
reliability. Calibration consisted of correlating power conditioner 
panel meter readings with those of precision .neters with known NBS cali- 
bration curves. This was accomplished by simultaneously recording the 
current and voltage to a test load from both seta of meters. The 
results were plotted as precision versus panel meter readings for the 
power conditioner voltmeters and ipmeters. 

Panel meter readings were typically with 2 percent of the NBS values 
with no evidence of hysteresis. All panel meter characteristics 
appeared to be linear. 

The calibration curves produced by these tests were used in the re- 
duction of test data. Panel meter readings were recorded on data 
sheets during ion source tests. 

3.1.2 FLOW METER CALIBRATION TESTS 

To find the mass utilization it is necessary to know the ion beam cur- 
rent, ionization state of the beam ions, the backstreaming neutrals 
propellent atoms from the vacuum system, and the amount of propellant 
gas fed into the discharge through the anode feed ring and cathode. 

Beam ionization state is determined by measuring the properties of Che 
extracted beam. Backstreaming neutrals flux into the discharge chamber 


can be calculated from Che background preasure and kinetic theory of 
gaa . Discharge chamber inlet gas flows are measured with gas flowmeters. 

As Che inlet flow rates dominated mass utilization efficiency calcula* 
Cions, Che accuracy of chose calculations depended upon the accuracy 
with which Che gaa flow measurements are made. Flow meter calibrations 
ensure the validity of these instrument readings. 

The rotometers and transducer were calibrated by measuring Che volume 
of water displaced by a constant flow of gas as a function of time. 

For these measurements, a water filled graduated cylinder was inverted 
in a beaker of distilled water. Kach test was started after it had 
been established Che gas flow rate into the Cube was constant with time. 

Tests were conducted at six different flow rates with argon. Xenon 
flowmeter calibration was calculated from the argon data. These flows 
ranged from 0.5 to ll mi I li I iters ‘minute (ml/min) with a minimum 
displaced volume of 20 milliliters at the lower flow rates. Two tests 
were conducted for each flow rate 

Data were reduced by correcting for the increase in pressure due to 
Che decrease in water height in the graduated cylinder and dividing 
the corrected volume by the time required to displace it. I'he computed 
results were compared with the manufacturer's supplied calibration 
curve . 

Good agreement was found between Che computed results and the manu- 
facturer's data for the Hustings-Kaydist mass flow transducer. Roto- 
meter readings were found to vary as much as 3 percent from test to 
test and deviate up to a maximum of 38 percent from the curves sup- 
plied with the instruments. Test-to-test variation can be attributed 
to static charge build up on the sapphire ball "float" causing it to 
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«dh«r« to the c«par«d glata bora of th« roCometar. Tha rotonaCar 
davlaClon from tha manufacturar ' a auppllad curva convergad with 
tha axparlmantal ona at flowa graatar than > b ol/mln. Tha roto- 
matara wara uaad primarily to adjuat tha cathoda and main lead 
flow rataa. Ion aourca maaa utilization afflclancy waa calculatad 
from tranaducar maaa flow data. Tha axcaptlon of thla procadura 
occurrad during "mlxad moda" Ion aourca oparatlon. In thla altua- 
tlon, different gaaea were fed Into the dlacharge through tha 
cathoda and the main feed. Maaa utilization efficiency waa calcu- 
latad ualng the tranaducar data for cathode flow and rotomatar 
data for the main feed. Thaaa calculatlona ahould have an error 
of laaa than 3 percent aa tha rofiomatar data were corrected with 
tha calibration curve for the main feed. 


3.1.3 NEl'TRALIZER TESTS 

Preliminary Ion aource teata were conducted with a tantalum filament 
neutralizer Immeraed In the Ion beam plaama. Fire wire war 0.25 mm 
diameter and 75 mm long and waa mounted on alumina pillara 0.b4 cm 
downatream of the ground acreen aurface. Filament power waa aupplled 
from the laolatlon tranaformer and auto-tranaformer ahown In figure 
2-3. Neutralizer teata were dlacontlnued after It was cstabllahed no 
differences existed In test results obcalned during filament "on" or 
"off" operation. No emiasion current waa seen during any test. 

3.2 SOURCE PERFORMANCE MAPPING ANP OPTIMIZATION 

3.2.1 TEST PHILOSOIHY 

Ion aource optimization was accomplished by varying source opera- 
tional parameters in a systematic manner. Data from each test were 
reviewed and the extracted information used to improve aource per- 
formance by reconfiguring the interacting components in the MFSC 
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daalgn discharge chambar. Thasa ara, in ordar of Impact on parfor- 
manca: boundary anoda position, cathoda baffla and baffla tuba 

location, and cathoda structura. 

Tha boundary anoda array sarvas two purposes. For a particular arc 
voltage, tha anodes must be set at tha right position In tha boundary 
magnetic field to minimise Ionic recombination losses on tha pole faces, 
but still collect enough electron current to sustain tha discharge 
without producing Ion source Inefficiency. For optimal performance, 
the arc potential must be the minimum necessary to maximize primary 
electron Ionization probability. Experience has found this potential 
usually to be approximately three or more times the first Ionization 
potential. 

Mapping thruster operation to determine where the boundary anodes are 
In relation to their optimal position Involves changing the arc 
voltage at several different cathode/anode mass flow ratios and ex- 
traction voltages. 

Ion source tests usually followed the same rough outline, with data 
recorded between each operational parameter change. Once the gas flow 
rate was confirmed to be stable at a convenient level, the baffle 
assembly was adjusted for maximum arc current. Next, the arc potential 
was varied In a step-wise manner from the lowest stable potential to 
at least 10 volts above the operational nominal. If mass utilization 
efficiency was promising and the are impedance 12 to 16 ohms, further 
data were collected. If not, the cathode/maln gas flow ratio was 
changed and the procedure repeated. Measurements were repeated at 
least three times at three different total mass flows for each boundary 
anode and baffle configuration and gas tested. 

Rapid feed system gas changeover capability made it possible to test 
boundary anode and baffle configurations with argon and xenon during 
the same system pumpdown. This procedure minimized the time required 
to test each configuration. 
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3.2.2 ARGON OPERATION 

Argon masa uCllLzaCion afflciancy of 75 percanc, corractad, waa 
achla^ad at 351 aV/lon (aaa Cabla 3-1). Tha axhauac Ion baam (J^ - j") 
waa corractad by aubtractlng ona*half tha doubla chargad Ion currant 
and cha total calculated flux of backatraamlng nautrala^^. Thla typa 
of Ionic bookkaaplng counta tha doubla chargad ion aa ona ion by 
accounting for tha factor of two diffaranca in ita charga*-to-inaaa ratio. 

TABLE 3-1 

ARGON OPERATION 
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Assuming 100 percwnc ionization of ths backstreaming neutrals srrs on 
the conservative aide* thus, It la a worst case estimate. However, 
the error Introduced la second order. The backstreaming neutral flux 
was calculated from the kinetic theory of gases ^ assuming the vacuum 
chamber pressure was due to neutrals. The calculated flux times the 
accelerator electrode open area was taken as the mass flow rate Into 
the discharge chamber from the vacuum system. These calculations were 
based on the following relationship: 


in ■ 


P A a 

a 

(2 MkT) 


TTI 


amperes equivalent 


where P was the vacuum system pressure, Ag the accel grid open area, 
a electron charge and M the molecular mass of the test gas. The 
neutral atoms temperature was assumed to be 300°K for these calcula* 
tlons. All performance calculations presented have been corrected 
using the above raethods. 


3. 2. 2.1 Argon Performance Optlmlzatloi. 

Argon was used as the basic performance test gas for several reasons. 
First, argon is more difficult to ionize as it has a smaller ioniza- 
tion cross section and higher ionization potential. Hence, more test 
time was required to achieve good performance with argon than with 
xenon. Argon discharge chamber operation had a much greater cathode- 
to-maln gas flow ratio and therefore a wider number of test ratios. 
Secondly, optimum axial baffle position was found to be sharply 
defined for argon and very broad for xenon discharge operation. 

Hence, once the optimum position had been located for argon, no 
further changes were necessary for xenon operation, however, the 
reverse was not necessarily the case. 
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rh« h«XMgonal MESC dlachxrge cli«mb«>r h«d nln« boundary anodes wired 
In parallel to a single arc supply and metered to allow the current 
to each to be monitored separately. Fhe anodes were numbered from 
the screen grid to the rear and fror< the periphery to the discharge 
chamber center line. Six anodes were located on the side walls and 
three on the rear wall. Figure 2-b shows the numbering system in a 
cutaway schematic of the disc*, irge chamber. 

Optimum source performance was realltcd by adjusting boundary anode 
positions so the electron current ratios did not exceed 1.3 to I, 
exclusive of anodes 1, t>, and 7. The optimum current density ratios 
were achieved by adjusting the position of the Individual anodes. 

In the mercurv discharge position, the magnetic field parallel 
to the discharge chamber centerline at the edges of the anode chan- 
nels averaged 270 g.ausa. The best argon performance was seen hv 
changing to a generally lower value b' moving the anodes further 
Into the discharge. The average field across anodes 2 through 5 was; 
223, 140, lb3, and 143 gauss, respectively. B^ was 220 gauss across 
anodes 8 and 4. Anode-to-anode positional differences were probably 
necessary to mlnlmlri ^.onlc wall recombination losses by maintaining 
constant plasma vlcoslty with axial variation In plasma density. 

Ihe magnetic field configuration described above implies the existence 
of an axial discharge plasma density gradient. Using the MESC dif- 
fusion current formula mentioned In section 2, the density would have 
to change from anode-to-anode . Plasma density ratios between anode 
number 2 and anodes 3, 4, and 5 were calculated as 0.85, 0.73 and O.o4. 
Langmuir probe measurements, discussed In a later section, tended to 
support these calculations . 

Tests also found the anode current distribution could be controlled by 
the axial position of the baffle assembly. Raffle movement either way 
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from optimum r«duc*d Ch« currant danalty dlffarancaa batwaan tha anodaa 
at tha axpanaa of maaa utlllaatlon afflclancy. Taata vara conductad 
with baffla dlak dlaroatara of 0.95 to 1.25 cm and tuba>to~dlak gapa 
ranging from 1.0 to 4.5 mm. Tha graataat maaa utilization afflclancy 
at minimum aV/lon waa aaan with a 1.11 cm dlamatar baffla dlak locatad 
1.6 mm from tha aupport tuba faca. Tha dlak waa poaltlonad 6.4 mm dowti- 
itraam of tha cathoda orlflca plata. 

3.2.3 MIXED MODE OPERATION 

Argon-lika aourca parformanca waa obaarvad with xanon cathoda flowa 
ranging from 0.015 to 0.040 ampera aquivalant. Diacharga potantlala 
batwaan 47 to 60 volta wara nacaaaary to ioniia 65 to 71 parcant of 
tha total maaa flow with diacharga anargiaa of 297 to 346 aV/ion 
reapectively (see table 3-2). 


TABLE 3-2 

MIXED MODE OPERATION 
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Three distinct cathode operational modes were observed as a function 
of xenon gas flow during source "mixed mode" tests* high, normal and 
low cathode gas flow modes. The high gas flow mode appeared at cathode 
flow rates greater than 0.050 to 0.060 ampere equivalent flows. It was 
characterized by a low efficiency, high Impedance and high applied 
potential discharge operation. Typically, a discharge potential of 
60 plus volts was necessary to Ionize 10 to 30 percent of the total 
mass flow In a 50 ohn discharge. Increases In the cathode xenon flow 
had no effect on the discharge Impedance but did have some Influence 
on the level of extracted beam. Changes In the main flow had no effect 
on the beam level until It was reduced to less than 0.100 ampere equiv- 
alent. Zero main flow reduced the extracted beam by 25 percent, and 
had no effect on discharge plasma Impedance. 

Argon-1 Ike source performance was observed In the normal gas flow mode 
during xenon cathode flows of 0.015 to 0.040 ampere equivalent. Dis- 
charge potentials between 47-60 volts were necessarv to Ionize 65-77 
percent of the total mass flow in a 10-15 ohm plasma. 

During the low cathode flow mode classic cathode keepr "plume" mode 
operation was observed. This Is defined by extinguishment of the main 
discharge and a low current high potential keeper discharge. The above 
operational modes are probably related to cathode geometry phenomena 
and could be modified by changes In the cathode structure. 

Operational difficulties prevented mixed mode testing with argon 
cathode flow and xenon main flow. 

3.2.4 XENON OPERATION 

Ion source operation with xenon achieved 94 percent mass utilization 
efficiency (corrected) at 254 eV/lon (see table J-3), Xenon perfor- 
mance was found to be much less dependent upon the placement of the 
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TABL£ 3-3 


XKNON OPERATION 
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boundary :nodes than argon. Xenon nuiaa efflclcnclea of 90-f percent 
were achieveable with any boundary anode-baffle configuration teaced. 
Anode poaltlon controlled the amount of energy required to achieve 
Che high maaa efficiency. 

MESC Ion source xenon operation resembled that of mercury In many 
respects. First, high mass utilization efficiency was achieved at 
relatively low eV/lon operation. Secondly, reasonable discharge 
plasma impedance required cathode-to-maln flow rates of 7 to 1C per- 
cent for both xenon and mercury rather Chan 30 to 40 percent with 
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argon. Third, fairly uniform boundary anoda currant danaitiaa wara 
racordad with all tha anodaa aac at tha aaaa position from tha dis- 
charga chaobar walla. Currant dansity variations of lass than 1.4S 
to 1 wara collactad by 2, 3, 4, S, 8, and 9 with tha anodaa sat in 
tha marrury oparational position. Parfonnanca and axial currant 
dansity uniformity improvad slightly with tha anodas sat in tha 
optinim argon parformanca configuration. By contrast, argon's 
graatar mobility, smallar mass, and highar oparational plasma tarn* 
paratura anhancad its discharga parformanca sansltivity to anoda 
placamant. 

During argon oparation, mass utilization aitd anargy consumption ware 
both a function of tha boundary aroda placamant. Thasa rasults im- 
pliad tha racombination ion wall lossaa wara much mora aansitiva to 
tha placamant botindary anodas in tha casa of argon. 

Figure 3-1 sunmarizas tha bast parformanca -.>tainad during testa 
with tha 12 cm MESC ion source. 

3.3 COMPONENT PERFORMANCE 

3.3.1 ELECTRODE PERVEANCE 

The electrode system perveance was mapped at low and high density 
beam currents with argon and xenon. The results are shown In tables 
3-4 and 3-5. Electrode perveance was mapped by establishing stable 
operation and reducing the positive high voltage 100 or so volts at 
a time. These were plotted on log-log graph paper and the knee of 
the curve through the points was defined as the electrode perveance. 

The data presented in table 3-4 and 3-5 show two unusual features. 

In principle, it is possible to calculate an electrode systems per- 
veance for any gas once it is known for one gas. The data show that 



Figure 3-1. Ion Source 
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thla do«a not hold tru* here. Either the argon perveance la lower 
than it ahould be or the xenon greater. Changing the total flow from 
a high currant danaity mode of operation to a lower one decreaaea 
eleccrode perveance in the caae of argon and increaaea it with xenon. 
Both the phenomena can be explained aa changea in the plaaiaa diatribu- 
tion. Xenon has a more uniform plaama distribution when operating 
at low mass liowa rather than at high. The inverse holds true for 
argon performance. 

Early in the program the perimeter of the screen grid was masked to in- 
crease the discharge ch«.mber pressure and reduce the plasma impedance. 
Masking was accomplished by spotwelding stainless shim stock to the 
upstream surface of the screen. Apparently the shim defocused the 
beamleta originating from ih' rid apertures next to It. rhls resulted 
in a radial elongation of the isatching accel grid holes which changed 
from 1.17 mm circles to 1.17 by 1 .4 mm ellipses. The erosion stopped 
with the removal of the mask. No other change in grid condition was 
noted. 


3.3.2 CATHODE 0PER.AT10N 

From the cathode operation or discharge current point of view source 
testing can bs divided into two phases. The first phase was charac- 
terized by a high discharge plasma Impedance with attendant low 
cathode emission currents. During this phase the cathode operated 
at emission currents ranging from 1.5 to 2.2 amperes v;ith low mass 
utilization efficiency and Incident cathode Ion density. The cathode 
operated at temperatures calculated to be 1050 to 1150*^C. No measur- 
able erosion or weight changes were noted in the cathode or emitter 
or cathode orifice. 
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In the aacond cachod* operational phaaa changaa in Che magnetic field 

and boundary anode poaicion reduced the diacharga plaama Impedance 

and incraaaed Che cathode emiaaion current Co 2.S to 4.0 amperea. A 

platinum-platinum rhodium chanmnocoupla waa apotweldad to the aide of 

the orifice plate in thia phaae and CemperaCuraa ranging from 1150 Co 
o 

1290 C ware aaen. After aevaral lew impedance Ceata had been con- 
ducted, a hole developed in the tantalum delivery Cube adjacent to 
the orifice plate, ^...';roacopic examination found a white po%Mler 
covering Che inaide of the Cube cloaa to the failure aite. Further 
teeting with another tantalum delivery Cube produced a aecond Cube 
failure. EatimaCed time to failure waa about SO houra. 

The evidence indicated the tube failure waa cauaed by emitter mate- 
rial ovartemp operation producing tantalum oxidation. The tantalum 
Cube waa replaced with one of moly-rhenium in Che next aeriea of 
teata. No further evidence of eroalon waa obaerved in the 40 houra 
of teating completed aince Che change. 

Operation at Che Cemperaturea aaaoclated with high emiaaion currenCa 
may ahorten Che impregnated poroua Cungaten emitter lifetime. Com- 
paring Che emitter weighCa recorded before and after Che 40 houra of 
Ceata indicated 20 percent of the barium aluminaCe had been loat. 
Future development should concentrate on reducing Che emitter opera- 
tional temperature. 

3.3.3 BAFFLE CONFIGURATION OPTIMIZATION 

The baffle disk diameter, Che gap between the disk and Che baffle 
housing tube, and the axial position of the assembly were optimized 
in testing. Diameters tested ranged from 0.95 Co 1.30 cm with Cube- 
to-disk gaps of 0.10 to 0.45 cm. The housing Cube was moved 1.52 to 
0,85 cm from the pole piece with each disk and gap conf iguration by 
means of the control rod described previously. 
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Tests found that optlimim performancu was obtained with a l.ll cm disk 
located 0.16 cm from the tube, 1.24 cm from the pole piece. The axial 
optimum baffle position was found by relocating the structure until 
the minimum plasma Impedance was observed. 

Tests also discovered that the anode current distribution could be 
controlled by the baffle assembly axial position. Baffle movement 
either way from optimum reduced the current density differences be- 
tween the anodes at the expense of mass utilization efficiency. 

The various baffle disks were examined before and after each test. No 
evidence of baffle erosion was seen aside from a "shiny" appearance 
after one test at. high discharge potential when the boundary anodes 
were located too far Into the magnetic field. 

3.4 TUtE-OK-FUCllT MKASlfREMENTS 


The percentage of double and single charged Ions In the beam were de- 
duced from tlme-of- flight data as a function of anode potential during 
Ion source tests. Data were collected during quiescent discharge 
operation by short circuiting the extraction voltages and measuring 
the beam collector current as a function of time. Several scope traces 
were photographed at each discharge potential. 

Figure 3-2 shows the typical traces recorded during an argon test. The 
percent of doubly Ionized atomb In the Ion beam was computed from the 
relative magnltud 3s of the signal representing the sum of double and 
single Ion current and the signal representing singles alone. In some 
Instances, trace noise was almost equal to the signal. In these cases, 
che average value of several traces were used to compute the percentage 
of double charged Ions present. The values deduced were found to be 
comparable to those for the same anode potential reported earlier by 

4 

Byers and Reader (see table 3-6). 
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TABLE 3*6 


TIME-OF-FLIGHT DATA 


Discharge Potential 

Percent 

Double Ionised 
Current (T.O.F. ) 

Percent Double 
Ionised Current 
(Byars and Reader) 

SO 

5.2 

5.3 

55 

5.1 

6.2 

60 

7.9 

7.5 


3.5 BEAM DIAGNOSTICS 

Beam flatness calculations were made from data collected 22 and 30 cm 
douwnstream of the accel grid with Faraday type beam probes. TVo of 
the three probes used to measure ion beam distribution were cup probes 
located 22 and 30 cm from the accel and the third a 28 cm wide slit 
probe at 22 cm. 

Beam width seen by the slit and cup probe agreed on all data taken. 
However, the beam density distribution differed. Argon and xenon data 
of both cup probes indicated the peak exhaust beam current density 
occurred at points 3.2 cm either side of the ion source center line. 

A xenon data trace, seen in figure 3-3, showed two maxima, one 2 per- 
cent greater than the oth'ir, with the beam central region density 6 
percent less than their average, which was in good agreement with 
Langmuir probe data from the same test. The slit probe trace did not 
show a "hollow" beam but the ion current density maxima did occur 4 
degrees off center in the same direction as the greater of the maxima. 

Beam flatness calculations using the greatest current density and 99 
percent of the collected beam found a 0.400 ampere argon beam had a 
flatness ratio of 0.51S and 0.530 at 22 and 30 cm, respectively. A 
second argon test with 0.649 ampere corrected beam had a flatness 
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ratio of 0.576 and 0.385 for cha naar and far probaa with alactroda 
potanClals of 900 and 400 volts. If 95 parcant of tha collactad 
baam was usad Instaad, tha calculatad flatnass Incraasad to 0.691 
tnd 0.711 for tha 0.649 aapara baoro. Xanon baam flatnass was cal> 
culatad from data collactad during 0.404 mpara tast with scraan 
and accalarator potantials of 9C^ volt and 400 volt, raspactivaly. 
Using 99 parcant of tha collactad baam, flatnass was found to ba 
0.657 and 0.677 at 22 and 30 cm, raspactivaly. Rapaating tha cal- 
culations for tha sama data traca using 95 parcant of tha collactad 
baam found a baam flatnass of 0.763 and 0.784 at 22 and 30 cm from 
cha accal. Tha data prasantad abova indicaCad a faii'ly uniform baam 
cross sacCion for tha noncompansatad ion optics usad in sourca 
tasting. 

3.6 DISCHARGE PLASMA DIAGNOSTICS 

Langmuir proba data wars plotted on semi-log and cartesian graphs 
and evaluated using the method described by Strickfaden and Geiler.^^ 
In thir approach the second derivative of tha linear graph was 
derived by construction and used to separate the energies and densi- 
ties of th^ Maxwellian and primary electron populations. Figure 3-4 
displays the graph of data collected during a 53 volt argon test and 
the curve derived from the linear graph of the same data. Plasma 
characteristics derived from the 53 volt argon test are presented in 
Cable 3-7 and the Maxwellian distribution is shown in figure 3-5. 

Table 3-7 lists the electron density values used to produce figure 
3-5 along with ocher operational characteristics of Che plasma 
derived by Che same method. Primary electron energy was found Co 
always be negative of the applied anode potential with a density 
approximately one-third chat of the Maxwellian electrons. The 
derived plasma or space potentials were found to be negative with 
respect to Che anode potential in all cases. 


3.02 cm FROM q_ IN PLANE OF BOUNDARY ANODE NO. 2 


APPLIED PROBE POTENTIAL (volts) (Ref. ^Vj) 


Figure 3-A. Lengmuir Probe Test DaCagraph 
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Th« MAxw«lll«n alcctron dciulCy depicted in figure 3>S ehowed axlel 
end redlel verleclon which were typical of uoat moderate impedance 
argon plaaoms measured. Axially, the maximum electron density went 
from 2.12 x 10^^ in the plane of anode nisaber two to 0.73 x 10^^ 
elactron/cm^ in the plane of number five. Radial variation in elec> 
tron density were seen in the plane of each anode. In the plane of 
the second anode, closest to the extraction grids, the maximum den> 
sity occurred 3.02 cm from the discharge chamber center line and was 
7 percent greater than the density closer to the axis and 40 percent 
greater than the density directly upstream of the outermost extrac* 
tion grid holes. 

Table 3-8 and figure 3-6 show the plasma operational qualities 
derived from a second argon test with 1.37 times the cathode mass 
flow of the previous test. Increases in the cathode mass flow pro- 
duced reductions in dincharge impedance and in Maxwell and primary 
electron energies and densities. Plasma potentials were found to be 
negative of the anode potential in all measurements. 

Langmuir probe test results uncovered several Interesting features 
of MESC discharge operation. The axial plasma density gradient seen 
In both tests discussed was found to be In fair agreement with a 
gradient calculated from the MESC diffusion current relationship and 
associated anode magnetic fields. It was pointed out in an earlier 
section, different magnetic fields were needed to attain a uniform 
electron current density to the boundary anodes. Using these fields 
and their respective diffusion currents, it was possible to calculate 
the plasma densities cloce to the anodes. The ratio In the densities 
between anode number two and anodes three, four, and five were found 
to be 0.85, 0.73, and 0.64. Using the result derived from the Lang- 
muir probe data collecteu 5.54 cm from the centerline In the plane of 
the some anodes, the electron density ratios were 1.13, 0.79, and 
0.60. The ratio of electron density was assumed approximately equal 
the plasma d<jnslty. 
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A* noted on the pravirui page the plaatu density in the central 
region was slightly lower than a point half way between the dls* 
charge chamber central region and the outside holes In the Ion optic 
grids. The "hollow beam" profile was partly confirmed with Faraday 
probe measurements. The trace of the beam cross section collected 
by a cup probe found peak current density occurred at points either 
side of the beam centerline. Comparing the plasma characteristics 
and beam profile of the same test found the plasma centefto-peak 
density vsrled by 7 percent and the beam current density by 6 per> 
cent. However, the peak plasma density occurred 3.02 cm from the 
centerline and the peak beam current 3.84 cm from the centerline 
22 cm downstream of the accel or an Implied 2 degree half>angle 
spread. 

The average-to-peak beam current density and Ion density were cal> 
culated from data collected during the S3 volt argon discharge test 
discussed previously In this section. These calculations found the 
flatness ratio of the beam current density was 0.70, 22 cm down- 
stream of the accel grid and the flatness ratio of the Ion density 
was 0.38 in the plane of the second anode. Assuming the Ion density 
distribution was similar to that at the screen grid 2.0 cm further 
downstream this implies a much flatter beam profile could have been 
realized by using compensated optics. 

Plasma probe test results found the plasma potential was a few volts 
negative of thu inode throughout the volume In which data were col- 
lected. This was first hypothesized by Moore^ In the original 
derivation of the MESC concept. He showed plasma viscosity inter- 
action of the MESC design produced a discharge plasma a few volts 
negative of the applied anode potential. This reduced recombination 
losses by reflecting more ions from the plasma boundary back Into 
the discharge. 


> 1 i 
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SECTION 4 

SUM1ARY AND CONCLUSIONS 


The inert gee Ion source program conclusively demonstrated that the 
MESC discharge chamber design is capable of efficient operation 
with either of the two gases tested. Under this program greater 
argon and xenon mass utilization were achieved at lower eV/ion than 
has been previously reported in the published literature. 

Improved source performance was achieved by optimizing boundary anode 
position and the baffle disk geometry and using SHAG state-of-the-art 
optic? . The 12 cm MESC discharge chamber used for these tests was 
converted from mercury to inert gas operation by relocating the bound- 
ary anodes as indicated by MESC theory and by changing the cathode 
baffle geometry. Argon was used for optimization as argon discharge 
performance was found to be the more sensitive to anode placement. 

After optimization, tests wete conducted with xenon alone and with 
xenon and argon in mixed mode, where argon was fed through the main 
feed and xenon througn the cathode. 

Several pruoes were used to measure beam current profile and discharge 
chamber plasma characteristics. Faraday cup beam probes traversed the 
beam envelope 22 and 30 cm downstream of the accel grid. Probe position 
and ion current signals were recorded with a x-y plotter. Plasma 
characteristics were measured point -by-point by a Langmuir probe in the 
plane of the four anode structures. 

Double and single charged components of the exhaust beam were deter- 
mined with a t Ime-of-f light collector. The collector measured the 
time required for an interruption in the ion beam to travel from the 
ion source to the collector. Double and single charged ion current 
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velocity difference* were used to determine the percentages of each 
present In th») beam. 

Preliminary cathode tests In a small vacuum system were used to evalu- 
ate several Inert gas cathode designs. Emphasis was placed on devel- 
oping reliable electrical Isolation of the keeper hardware and achiev- 
ing maximum cathode electron emission current at minimum mass flow snd 
temperature. Tests were conducted with 3.2 mm diameter cathodes using 
orifice diameters ranging from 0.36 to 0.64 mm. Long term keeper Iso- 
lation was enhanced by masking the Insulator surfaces from the keeper 
discharge region. 

Cathode electron <»iisslon current In spot mode was found to increase 
with argon gas flow rate. This operational rulationshlp was Indepen- 
dent of orifice diameter. Gas flow rates produced the some emission 
current in all orifices tested. Changes in orifice diameter affected 
the flow rate necessary to achieve spot mode or to initiate discharge. 
The orifice size also affected the operational temperature observed at 
different emission currents. Test results showed cathodes functioned 
as a classic blackbody radiator where the orifice area was inversely 
proportional to the fourth power of temperature. For a particular 
orifice diameter, the cathode operational temperature was directly 
proportional to the electron emission. These temperature-emission 
current relationships were confirmed with an ion source cathode test. 

Ion source performance was optimized by changing boundary anode posi- 
tion and baffle disk geometry. Argon mass utilization efficiencies 
of 65 to 77 percent were achieved at keeper-plus -main discharge energy 
consumptions of 200 to 457 eV/lon, respectively. Xenon operation was 
found to be less sensitive to boundary anode placement and 84 to 96 
percent mass utilizations at 203 and 350 eV/ Ion were achieved. Mixed 
mode performance of the Ion source was similar to argon, producing 65 
to 71 percent mass efficiencies at 297 •'o 346 eV/lon. 
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DlCfarenc cachoda Co main fcad ratios were necessary to achieve Che 
desired plasma Impedance at 10 to IS ohms with Che various gases. 

Argon operation needed a cathode flow late 30 to 40 percent of Che 
total while xenon and mixed Bx>da required 7 to 10 percent. 

The test data were corrected for double charged Ions and neutral aton 
backstreamlng. The backsCreaaing neutral flux was calculated from 
the kinetic theory of gases. The flux Ingested into the discharge was 
the product of the open accel area and Che flux Incident on Its sur- 
face. Without these corrections the mass utilization efficiency would 
appear to be 5 percent higher than the true value and the eV/lon would 
be reduced proportionally. 

Ion beam profiles deduce! from plasma and beam probe data showed the 
argon and xenon have fairly uniform croasecClons . Both argon and xenon 
were found to have averagc-to-peak plasma density ratios of .88 inside 
Che discharge chamber. Beam flatness average-to-peak measured In the 
Ion beam were found to average 0.70 for argon and 0.77 for xenon dur- 
ing Che same tests. Use of compensated optics could be expected to 
Increase the beam flatness further. 

Since Che 12 cm hexagonal chamber was developed 9 years ago improve* 
ments have been made In MESC design. Comparing cesium performance with 
this same hex chamber and a more advanced, hemispherical, MESC d<‘slgn 
of Che same size found a 20 percent Improvement In perfotmance, thus a 
similar Improvement could be expected using Inert gases In the advanced 
discharge chamber. 

Future development should stress Che use of Che more advanced design 
MESC chamber and explore the Impact of producing a larger chamber with 
a more favorable sur face-to-volume ratio. 
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